Introduction {#Sec1}
============

The standard model of particle physics (SM) has shown great success in describing physics processes at very short distances. Nevertheless, open questions remain, such as the hierarchy problem, the imprecise unification of gauge couplings, and the absence of candidates for dark matter. Considerable efforts have been made to address these issues, resulting in a large variety of models. Supersymmetry (SUSY), in which the strong and electroweak forces are unified at a renormalisation scale near the Planck scale, provides a possible solution for the hierarchy problem; the minimal supersymmetric standard model (MSSM) is the simplest, phenomenologically viable realisation of SUSY \[[@CR1], [@CR2]\].

The present study focuses on a subset of models featuring massive long-lived particles (LLP) with a measurable flight distance. We concentrate on scenarios in which the LLP decays hadronically in the LHCb vertex detector, travelling distances which can be larger than those of typical $\documentclass[12pt]{minimal}
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A large number of LLP searches have been performed by the experiments at the LHC and Tevatron, mainly using the Hidden Valley framework \[[@CR3]\] as a benchmark model \[[@CR4]--[@CR8]\]. Hidden Valley processes have also been sought by LHCb \[[@CR9]\], which is able to explore the forward rapidity region only partially covered by other LHC experiments. In addition, it is able to trigger on particles with low transverse momenta, allowing the experiment to probe relatively small LLP masses.

The event topology considered in this study is quite different from that of Hidden Valley models. The minimal supergravity model (mSUGRA) realisation of the MSSM is used as a benchmark model with baryon number violation \[[@CR10]\], as suggested in Refs. \[[@CR11], [@CR12]\]. Here a Higgs-like boson produced in *pp* collisions decays into two LLPs (neutralinos), subsequently decaying into three quarks each. The Higgs-like particle mass ranges from 80 up to 140 $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {Ge V\!/}c^2}$$\end{document}$, covering the mass of the scalar boson discovered by the ATLAS and CMS experiments \[[@CR13], [@CR14]\]. The explored LLP lifetime range of 5--100 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm{ps}$$\end{document}$ is higher than the typical $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b $$\end{document}$ hadron lifetime, and corresponds to an average flight distance of up to 30 cm, which is inside the LHCb vertex detector region. The LLP mass range considered is between 20 and 60 $\documentclass[12pt]{minimal}
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Detector description {#Sec2}
====================

The LHCb detector \[[@CR15], [@CR16]\] is a single-arm forward spectrometer covering the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$2<\eta <5$$\end{document}$, designed for the study of particles containing $\documentclass[12pt]{minimal}
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                \begin{document}$$c $$\end{document}$ quarks. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the *pp* interaction region (VELO), a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about $\documentclass[12pt]{minimal}
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                \begin{document}$$4{\mathrm {\,Tm}}$$\end{document}$, and three stations of silicon-strip detectors and straw drift tubes, placed downstream of the magnet. The tracking system provides a measurement of the momentum, $\documentclass[12pt]{minimal}
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                \begin{document}$$p$$\end{document}$, of charged particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {Ge V\!/}c}$$\end{document}$. The minimum distance of a track to a primary vertex (PV), the impact parameter, is measured with a resolution of (15 $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm{T}$$\end{document}$is the component of the momentum transverse to the beam, in $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {Ge V\!/}c}$$\end{document}$. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers. The online event selection is performed by a trigger \[[@CR17]\], which consists of a hardware stage, L0, based on information from the calorimeter and muon systems, followed by two software stages, HLT1 and HLT2, which run a simplified version of the offline event reconstruction.

Event generation and detector simulation {#Sec3}
========================================

Various simulated event samples are used in this analysis. The *pp* collisions are generated with [Pythia]{.smallcaps}  6 \[[@CR18]\]. The process simulated is $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm{h^0}$$\end{document}$ is produced via gluon-gluon fusion, with the parton density function taken from CTEQ6L \[[@CR19]\]. The neutralino $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\tau _\mathrm{{LLP}}$$\end{document}$, which decays into three quarks via the mSUGRA baryon number violating process available in [Pythia]{.smallcaps}. The corresponding decay flavour structure for the neutralino with a mass of $\documentclass[12pt]{minimal}
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Two separate detector simulations are used, a full simulation where the interaction of the generated particles with the detector is based on [Geant4]{.smallcaps}  \[[@CR20], [@CR21]\], and a fast simulation. In [Geant4]{.smallcaps}, the detector and its response are implemented as described in Ref. \[[@CR22]\]. Signal models for a representative set of theoretical parameters have been generated and fully simulated (Appendix [A](#Sec10){ref-type="sec"}, Table [5](#Tab5){ref-type="table"}). In the remainder of this paper, the following nomenclature is chosen: a prefix "BV", indicating baryon number violation, is followed by the LLP mass in $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {Ge V\!/}c^2}$$\end{document}$, which is in the middle of the chosen Higgs-like particle mass range. Only events with at least one $\documentclass[12pt]{minimal}
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                \begin{document}$$1.8<\eta <5.0$$\end{document}$ are processed by [Geant4]{.smallcaps}, corresponding to about 30% of the generated events.

The fast simulation is used to cover a broader parameter space of the theoretical models. Here the charged particles from the $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {h}^0} \rightarrow {\tilde{\chi }^{0}_{1}} {\tilde{\chi }^{0}_{1}}$$\end{document}$ process falling in the geometrical acceptance of the detector are processed by the vertex reconstruction algorithm. The fast simulation is validated by comparison with the full simulation. The detection efficiencies predicted by the full and the fast simulation differ by less than 5% for all the signal models. The distributions for mass, momentum and transverse momentum of the reconstructed LLP, and for the reconstructed vertex position coincide.

Events with direct production of charm, bottom and top quarks are considered as sources of background. Samples of such events were produced and fully simulated. In particular, $\documentclass[12pt]{minimal}
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Event selection and signal determination {#Sec4}
========================================

This analysis searches for events with pairs of displaced high-multiplicity vertices. The main background is due to secondary interactions of particles with the detector material. These events are discarded by a material veto, which rejects vertices in regions occupied by detector material \[[@CR23]\]. The remaining candidates are found to be compatible with $\documentclass[12pt]{minimal}
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                \begin{document}$${b} {\overline{{b}}} $$\end{document}$ background is shown by the filled *red histograms* with *error bars*. The *dashed* (*blue*), *dotted* (*purple*) and *solid* (*green*) *lines* are distributions for fully simulated signal models. The subplots show **a** number of tracks used to reconstruct the LLP candidates, **b** LLP transverse momentum, **c** LLP invariant mass, **d** radial distance, $\documentclass[12pt]{minimal}
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From simulation, LLP candidates within the detector acceptance are selected by the L0 and HLT1 triggers with an efficiency of more than 85%. The simulation indicates that the trigger activity is dominated by the hadronic component of the signal expected from high multiplicity events. In HLT2, primary vertices and displaced vertices are reconstructed from charged tracks \[[@CR24]\]. Genuine PVs are identified by a small radial distance from the beam axis, $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm{xy} <0.3$$\end{document}$ mm, and must have at least 10 tracks, including at least one forward track (i.e. in the direction of the spectrometer) and one backward track. Once the set of PVs is identified, all other reconstructed vertices are candidates for the decay position of LLPs. The preselection requires at least one PV in the event and two LLP candidates. The LLP candidates must have at least four forward tracks, no backward tracks, and a minimum invariant mass reconstructed from charged tracks larger than 3.5 $\documentclass[12pt]{minimal}
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The preselection criteria drastically suppress the hadronic background. Only 37 events (74 LLP candidates) survive from the simulated set of $\documentclass[12pt]{minimal}
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Determination of the di-LLP signal {#Sec5}
==================================

The signal yield is determined by a fit of the di-LLP invariant mass, assuming that the two LLPs are the decay products of a narrow resonance. This technique is hampered by the difficulty in producing a reliable background model from simulation, despite the fact that it is reasonable to believe that only $\documentclass[12pt]{minimal}
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The signal template is the histogram built from BV simulated events selected under the same conditions as data, i.e. $\documentclass[12pt]{minimal}
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The behaviour and sensitivity of the procedure is further studied by adding a small number of signal events to the data according to a given signal model. Figure [6](#Fig6){ref-type="fig"} shows the results for two models with 10 signal events added to the data. The fitted $\documentclass[12pt]{minimal}
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Table 2Values of the fitted signal and background events for the different fully simulated signal models. The signal/background combinations are defined in the first rowModel($\documentclass[12pt]{minimal}
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Fig. 6Results of the fit to the data to which 10 signal events have been added randomly chosen following the signal model. For the theoretical model BV48 10 ps mH100, in **a**, the fitted signal is $\documentclass[12pt]{minimal}
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An alternative fit procedure has been applied, using parameterised signal and background templates. The sum of two exponential functions is used for the background, and an exponential convolved with a Gaussian function for the signal. The results are consistent with a null signal for all the models.

As a final check a two-dimensional sideband subtraction method ("ABCD method" \[[@CR29]\]) has been applied in the reconstructed mass of one LLP and the number of tracks of the other LLP, also giving results consistent with zero signal.

Detection efficiency and systematic uncertainties {#Sec6}
=================================================

The determination of the detection efficiency is based on simulated events. The geometrical acceptance for the detection of one $\documentclass[12pt]{minimal}
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The consistency between the trigger efficiency in data and simulation is checked by selecting LLP events with an independent trigger, designed for the detection of $\documentclass[12pt]{minimal}
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The consistency between the track reconstruction efficiency in data and simulation is studied by a comparison of the number of tracks selected in displaced vertices from $\documentclass[12pt]{minimal}
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The vertex reconstruction efficiency is affected by the tracking efficiency and resolution. A study of vertices from $\documentclass[12pt]{minimal}
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A maximum mismatch of 10% on both the transverse momentum and mass scales is inferred from the comparison of data and simulated $\documentclass[12pt]{minimal}
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The effect of the material veto corresponds to a reduction of the geometrical acceptance and depends mainly on the LLP lifetime. An analysis with the requirement of $\documentclass[12pt]{minimal}
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A small contribution to the systematic uncertainty of 0.1% is determined by reweighting the simulated events to match the PV multiplicity in the data.
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In addition to the systematic uncertainty on the detection efficiency, the following contributions have been considered. The uncertainty on the integrated luminosity is 1.7% \[[@CR33]\]. As previously stated, the uncertainty on the momentum scale and the invariant mass scale is smaller than 10%. This value is also assumed for the di-LLP mass calibration. To assess the impact on the signal measurement, pseudoexperiments are produced with 10 events of simulated signal added to the background following the nominal signal distribution but with the di-LLP mass value scaled by $\documentclass[12pt]{minimal}
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For the analysis based on the fast simulation, a 5% uncertainty is added to account for the relative imprecision of the fast simulation with respect to the full simulation, as explained in Sect. [3](#Sec3){ref-type="sec"}.

Results {#Sec7}
=======

The 95% confidence level (CL) upper limits on the production cross-section times branching ratio are presented in Table [4](#Tab4){ref-type="table"}, for the fully simulated models, based on the CLs approach \[[@CR34]\]. The fast simulation allows the exploration of a larger region of parameter space. The cross-section times branching fraction upper limits at 95% CL for benchmark theoretical models are shown in Fig. [7](#Fig7){ref-type="fig"} (the corresponding tables are given in Appendix [C](#Sec12){ref-type="sec"}).

The estimated detection efficiencies can be found in Appendix [B](#Sec11){ref-type="sec"}, Tables [6](#Tab6){ref-type="table"} and [7](#Tab7){ref-type="table"}. The efficiency increases with $\documentclass[12pt]{minimal}
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Conclusion {#Sec8}
==========

A search for Higgs-like bosons decaying into two long-lived particles decaying hadronically has been carried out using data from *pp* collisions at 7$\documentclass[12pt]{minimal}
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The model used to describe the LLP decay is an mSUGRA process in which the lightest neutralino $\documentclass[12pt]{minimal}
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Appendices {#Sec9}
==========

Fully simulated signal datasets {#Sec10}
===============================

Table [5](#Tab5){ref-type="table"} shows the parameters used to generate the 11 fully simulated signal models with [Pythia]{.smallcaps}  6. The Higgs-like boson is produced by gluon-gluon fusion. In the table M$\documentclass[12pt]{minimal}
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Detection efficiencies {#Sec11}
======================

Table [6](#Tab6){ref-type="table"} gives the detection efficiency as a function of $\documentclass[12pt]{minimal}
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Table 7Detection efficiency in percent estimated by the fast simulation as a function of the $\documentclass[12pt]{minimal}
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Cross-section upper limits tables {#Sec12}
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